Abstract
Introduction

53
There are three acoustic cues to the spatial location of sound sources: interaural time 54 differences (ITDs), interaural level differences (ILDs), and spectral cues (Tollin and Yin, 2009). 55
The two interaural cues, ITDs and ILDs, are important for localization of sound in the horizontal, 56 or azimuthal, dimension at low and high frequencies, respectively. Sound localization in the 57 vertical, or elevational, dimension is based on patterns of the broadband power spectra at each 58 ear that result from the direction-dependent acoustic filtering properties of the head and pinnae. 59
Numerous psychophysical experiments in humans have established the importance of 60
ITDs (Rayleigh, 1907 The role of the interaural cues in sound localization has been widely studied and forms 73 the basis for the Duplex theory, which posits that ITDs are used for the localization of low 74 frequency sounds while ILDs are used for higher frequencies. There is general support for the 75 Duplex theory for pure tone stimuli in both human (Rayleigh, 1907; Stevens and Newman, 1936; 76 Durlach and Colburn, 1978) and animal (Casseday and Neff, 1973; Martin and Webster, 1987) 77 subjects; however, there is evidence that human subjects are also sensitive to the ITDs of the 78 envelope of high frequency waveforms (Henning, 1974; Bernstein and Trahiotis, 1985) . 79 The importance of spectral cues for localization of sound in azimuth and elevation has 80 been demonstrated by manipulating the spectrum of a stimulus while studying localization 81 performance. Localization of pure tones or narrow band noise by human subjects is accurate in 82 the azimuthal dimension but very inaccurate in elevation. The perceived elevation of a sound 83 source often correlates more with the frequency spectra of the stimulus rather than source 84 location (Roffler and Butler, 1968; Middlebrooks, 1992; Frens and van Opstal, 1995) , which 85 may be related to spectral peaks (Middlebrooks, 1992) or "boosted bands" (Blauert, 1969 (Blauert, /1970 in the head related transfer functions (HRTFs) at those elevations. Behavioral studies of sound 87 localization in azimuth and elevation in animals where the frequency spectrum of the stimulus 88 was varied include measurements of minimum audible angle (MAA) (see below) with tones and 89 walking to or orienting the head to tones or band pass filtered noises. In agreement with the role 90 of spectral cues for vertical localization, Martin and Webster (1987) found that most cats could 91 not perform the MAA task with pure tones from speakers on the mid-sagittal plane. And Huang 92
and May (1996a) found localization of tones difficult in both azimuth and elevation though 93 Jenkins and Merzenich's (1984) cats were able to walk to the source of tonal stimuli (azimuthal 94 targets only). Problems in using a task in which the animals must walk to speakers are that the 95 potential target locations are specified, vertical localization cannot be tested, and it is difficult to 96 Filtered noise and tone localization 4 do many trials. Finally using a gaze-orienting behavioral response, Tollin and Yin (2003) 97 provided evidence that cats do use spectral notches for sound localization in elevation. 98
Psychophysical studies of sound localization usually fall into two broad categories: those 99 measuring absolute localization and those measuring relative localization (Moore et al., 2008) . 100
Most relative measures involve determination of the MAA, which requires a subject to 101 discriminate a change in the location of a sound source in space and to measure the minimum 102 discriminable speaker separation (Mills, 1958; Casseday and Neff, 1973 include or exclude, respectively, the high frequency spectral cues in the HRTF) of 1 sec 168 duration), 1/6 octave NB noise with center frequencies 6, 8, 12, 16 kHz of 100 ms duration, and 169 pure tones (0.5, 1, 2.5, 6, 8, 10, 12, 14 kHz of 500 ms duration). The noise and tone stimuli had 7 170 and 4 ms rise/fall ramps, respectively. Sound level was 48 to 58 dB SPL roved ± 2 dB. 171
During initial training, the heads of the cats were restrained in the center of the coils 172 comprising the magnetic search coil system (see Fig. 1 of Populin and Yin, 1998) . After the cats 173 learned the task, the heads were freed but a body restraint helped to maintain the position of the 174 head within the center of the coil system. All aspects of the experiments including selection of 175 the visual or acoustic stimuli, the location of the target speaker and/or LED, the acquisition of the 176 eye position, determination and delivery of reward, etc. were under computer control. 177 178
Eye coil calibration 179
As described in prior publications from our laboratory (Populin and Yin, 1998 The cats were on a controlled-access diet for 5-6 days per week. Water was always 193 available. During the psychophysical task, the cats earned food rewards, which were small 194 dollops of pureed cat food that was delivered via a peristaltic pump after each "successful" trial.
195
While the cats typically worked until they were satiated during each day of testing, their weights 196
were monitored daily and we ensured that it was maintained within 15% of the original weight. 197
All cats were initially trained using operant conditioning with their heads restrained 198 (Populin and Yin, 1998) . Subsequently, the cats were trained to make gaze saccades (head 199 unrestrained) to the location of lights and sounds. The cats were rewarded under computer 200 control if they maintained their eye position for a period of time after the gaze saccade in the 201 vicinity of the target, as determined by a square electronic acceptance window centered on the 202 target location. During training, the acceptance windows for the visual trials were gradually 203 decreased to ±6-8º but the windows for the auditory noise trials remained large (±8-12º). The 204 windows for the tone trials were even larger, ±15º, in order to encourage the cats to look to the 205 apparent location of the sound source rather than training them to look to a particular location in 206 space to get a reward (see Populin and Yin, 1998) . However, all data were analyzed, even if the 207 cat did not get the trial "correct" during testing. In every session the stimulus type (broadband, 208 LP, HP, BP noise or tones), target position and trial type (saccade or fixation) were randomized 209 so that the cat could not predict what the next stimulus would be. 210
All data presented in this paper were collected in the saccade psychophysical task. Here, 211 the cat was initially required to fixate an LED presented from straight ahead (0°, 0°) and 212 maintain gaze fixation within the acceptance window for a variable period of time. If the cat 213 satisfied this initial fixation condition, then simultaneously the fixation LED was extinguished 214
and an acoustic or visual target was presented from one of the19 locations in the frontal 215 hemifield (~±45 o ). The cat was then required to make a gaze saccade to the apparent location of 216 the target and maintain fixation at that location for another 600-1000 ms. If during this time the 217 cat's gaze position was within the specified acceptance window, the cat was given a food reward. 218
To deliver food rewards, a small lightweight (40 g) aluminum headset-like apparatus was 219 attached to the head post, which held the feeding tube near the mouth. This feeding system 220 moved with the head and allowed the cat to receive the rewards near its mouth without hindering 221 its head movements. 222 223
Analysis of final gaze position 224
The key dependent variable in this experiment was the final horizontal and vertical gaze 225 position at the completion of the saccadic shift to the apparent location of the target (Populin and  226 Yin, 1998). We used a velocity criterion to determine the "end of fixation", or when the gaze 227 was no longer stationary, by determining the time at which the magnitude of the velocity trace 228 exceeded 2 SD of the mean velocity computed during the initial fixation. During initial fixation, 229 the gaze was expected to be constant and the velocity close to zero. The final gaze position was 230 determined by the position at the time of "return to fixation", which was computed as the time at 231 which the magnitude of the velocity trace returned to within 2 SD of the baseline mean velocity. 232
If corrective movements were made within 200 ms of the end of the initial saccade, the final 233 position was determined from the return to fixation of the corrective saccade. 234
In order to quantify saccade accuracy and precision, the initial gaze motor error and the 235 final gaze shift were computed for each trial, separately for horizontal and vertical components. 236
The and Tibshirani, 1986) were used to obtain an estimate of the 95% confidence intervals of the 253 gain. Here, for a given stimulus configuration, 1000 synthetic data sets, containing exactly the 254 same number of trials as the empirical data set, were created by randomly sampling with 255 replacement localization data from individual trials from the empirical data sets for each cat 256 separately. As described above, the horizontal and vertical components of the behavioral 257 responses were analyzed separately. A linear function was fit to each synthetic data set resulting 258 in 1000 measurements of the gain, from which the 95% confidence interval was obtained. Using 259 the empirical data set, we also computed the standard deviation of the residuals of the fitted 260 function, which represents the distribution of behavioral responses about the mean gain. This 261 latter value gives a numerical estimate of the precision (or consistency) of the localization 262 responses, which we refer to as δ. 263 264
RESULTS
265
These experiments were designed to examine the ability of cats to localize filtered noise 266 and pure tones via gaze shift. The results and statistical analyses were based on the localization 267 performance of five adult female cats. Two cats were tested with BB and filtered noise, three 268 cats were tested with BB and tones. Several of our cats have been subjects in previous 269 publications (cat17, cat18, cat21) but all of the data reported here are new and were obtained in 270 different experimental sessions with different stimuli. The performances of all three cats to broad 271 band noise were similar and confirm the reliability of our behavioral measures. Overall 15,119 272 trials were analyzed. 273 274
Auditory localization of BB noise 275
To study the effect of variations in sound spectra on localization, we compared the 276 accuracy and precision of gaze shifts to filtered noise and tone targets to those obtained from 277 localization of 1000 ms duration broadband (BB) noise bursts. Figure 1B shows scatter plots of gaze 282 motor error (i.e., the angular distance between the initial position of the gaze and the actual 283 target) versus actual gaze displacement (i.e., the angular distance and direction that the gaze 284 moved) for the same data as in Fig. 1A . This cat has high accuracy, with gains of 0.95 and 0.93 285 for localization in azimuth and elevation, respectively, and high precision with a δ of 2.4° for 286 localization in azimuth and 2.8° in elevation. All five cats had good to excellent accuracy (gains 287 for azimuth and elevation between 0.78 and 0.95) and precision (δ ranging between 2.4° and 288 4.6°) to BB noise (see Tables 1 and 2 ). The variability in the behavioral performances as 289 measured by the gain and δ in Tables 1 and 2 of the mid-frequency spectral notches on vertical localization. These effects of HP and LP noise 309 stimuli on localization were similar in both cats tested (Table 1 ). The effect of restricting spectral 310 information on localization is shown in Fig. 2 for another cat tested with filtered noise targets, in 311 this case to BB noise and four narrowband (NB) noise targets. For clarity the scatter plots in Fig.  312 2A are shown separately for the horizontal and vertical targets. Gaze shifts and associated 313 computations of localization gain and precision (δ's) are shown in Fig. 2B . Table 1 shows the 314 localization gains and δ's for Cat 17 and Cat 18 to noise and filtered noise targets. 315
The accuracy of localization deteriorated dramatically for NB targets in elevation: in Fig.  316 2B the gains ranged from 0.14 to 0.35. The other cat tested showed a similar decrease in 317 accuracy in elevation for NB with gains between 0.12 to 0.49 (Table 1 , Cat 18). By contrast, 318 accuracy in azimuth remained moderately high for the data shown in Fig. 2B , with gains ranging 319 from 0.54 to 0.90 but precision declines compared to BB noise for all 4 of the NB noise targets. 320
However, the results in azimuth were not as consistent as in elevation: Cat 18 was much less 321
accurate but more precise (smaller δ) localizing NB noise to targets in azimuth than Cat 17 322 (Table 1) . Overall gaze shifts to targets in azimuth were most accurate to BB, but less accurate 323 for HP, LP and NB sounds. Precision usually declined for NB noises for both azimuth and 324 elevation in both cats (Table 1) . 325
Filtered noise and tone localization 9 BB noise except accuracy of Cat 17 to HP noise in elevation, which was not significantly 332 decreased compared to BB noise. Since the NB noises were shorter (100 ms) in duration than 333 the BB noises (1 sec), we considered the possibility that the decreased accuracy to NB noise 334 could in part be due to duration rather than spectra. We have systematically analyzed in a 335 separate study the effect of duration on accuracy and found in three other cats the mean 336 difference in gain from 100 ms to 1000 ms duration was 0.12, corresponding to only a ~13% 337 reduction in accuracy, for both azimuthal and elevational targets (Ruhland et al., 2005 Table 2 shows the localization gains and δ's for two other cats to BB noise and pure tone 361 targets while Fig. 5 summarizes the performance for all three cats. The most striking result was 362 that none of the cats were able to localize tones in elevation (Table 2 , Fig. 5B ) (gains ranging 363 from -.02 to 0.17 with a mean of 0.05) but they could accurately and precisely localize BB noise 364 targets in elevation (mean gain of 0.85, Fig. 5 and Table 2 ). Although their performance in 365 localizing BB noises was comparable, the three subjects varied in their ability to localize pure 366 tone targets in azimuth (Fig. 5A) . Each of the three cats had stable or only slightly declining 367 gains as tone frequency increased. One subject (Cat28) had gains in azimuth for low frequency 368 pure tones that were even higher than she did for BB noise. 369 370
Cats do not localize the source of pure tone targets by frequency 371 Filtered noise and tone localization 10 Figure 6 plots the means and standard deviations of response locations to tone targets 372 (Fig. 6A ) and NB-noise (Fib. 6B) targets that varied in elevation. Separate symbols represent 373 tone targets of different frequencies. For NB noise or tones in elevation, the cats' localization 374 responses did not vary systematically with different frequency. Instead, particularly for certain 375 cats (G03, Cat 18), they appeared to localize the tones to a "default" location, similar for all 376 frequencies but differing between cats. Of course in our experiment we cannot determine if the 377 cats actually perceived these stimuli to be located at the default position or that they could not 378 localize the sound and instead saccaded to the default position in hopes of getting a reward. 379 380 Latency 381
We used the end of fixation as a measure of response latency for the gaze shifts. Figure  382 7 plots latencies as a function of gaze motor error in azimuth (Fig. 7A) that the perception of the vertical location of narrow band noise or tones was influenced more by 445 the frequency composition of the stimuli, rather than the actual location of the target. It has been 446 hypothesized that specific tone frequencies and narrow-band noise with certain center 447 frequencies are associated with the perception of certain locations in space, because these 448 frequencies and the resulting frequency spectra associated with the stimulus correlated best with, 449 and were thus more predictive of, the acoustic spectral shape cues that result from filtering by the 450 pinnae for sounds originating from those locations (Roffler and Butler, 1968; Butler, 1999; 451 Middlebrooks, 1992) . In other words, the perceived spatial locations of narrow band sounds are 452 illusions that do not match the location from which they are delivered but rather match the 453 location from which the stimulus spectra most closely matches the acoustical spectral shape cues 454 (Middlebrooks, 1992) . Note, however, that this illusion does not always produce robust 455 perceptions. For example, in one study subjects reported that tones were never as easy to 456 localize in elevation as from targets in azimuth (Roffler and Butler, 1968) . The cats in the 457 present study could not accurately localize tone targets in elevation and at least some of them 458 tended to localize tones from targets in elevation at a default and idiosyncratic location. It 459 appears that cats do not experience the illusion as robustly as humans when localizing narrow 460 band noise and tone targets in elevation (however, see Xu et al, 1999.) 461
In a similar absolute sound localization study, Huang and May (1996b) also reported that 462 their cats could not localize tone targets in azimuth or elevation. These researchers used the 463 position of the head as the indicator of where the cat localized the sound in space. They did not 464 want to shape the localization behavior in any way by rewarding approximate attempts, e.g., 465
rewards did not depend on turning the head in the proximity of the target, but on maintaining a 466 paw press through the presentation of the sound and through the subsequent presentation of a 467 light at the location of the sound source. Despite being unable to localize tones in an absolute 468 sense (i.e., the cats were unable to report the location of the sources of the tones), their cats were 469 able to localize noise targets in azimuth and elevation quite well although the rewards did not 470 depend on correct response either. Similarly, Martin and Webster (1987) reported that three out 471 of four cats tested could not discriminate changes in sound source elevation for tones of 2, 8 or 472
16 kHz even though they could easily discriminate azimuthal changes with those frequencies 473
(one cat required a ~20° separation in elevation to reach threshold). Therefore, their results may 474 simply indicate that noise was easier and more naturally to be localized than tones when the 475 subjects were not motivated. 476
At least two prior studies have attempted to measure the MAA for BB noise in cats for 477 sources varying in elevation. In four cats Martin and Webster (1987) reported that the MAA for 478 noise measured about the midline was <3.8°; that is, their animals were still performing above 479 chance for the smallest sound source separation. Huang and May (1996a) In summary, we have found our sound localization task based on the unrestrained head 507 gaze shifts to be a reliable and valid method to study the auditory cues responsible for sound 508 localization. We conclude that for cats, like humans, localization in elevation, but not so much 509
Filtered noise and tone localization 13 in azimuth, is severely degraded as the stimulus bandwidth is reduced, suggesting that vertical 510 localization depends on the broadband power spectra at each ear resulting from the filtering 511
properties of the head and pinnae at high frequencies. 
